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FEPORT ON CERTAIN ASPECTS CF SPACE ENVIR- SIMUIATION 

S . Choumof f 

Various space environment simulators, including NASA, General 

Electr ic ,  J e t  F'ropulsion Laboratory units, are reviewed, 

with brief description of t h e i r  function and expected l i f e .  

The Plum Brook and Erark projects are evaluated, and the simu- 

l a t o r  of t h e  French Subsidiary of Thomson-Houston is described. 

A combination of vibration, temperature, and vacuum tests is 

suggested, f o r  mre accurate failure detection. The importance 

of accurate estimates of energy and heat dissipation, inside 

the  s a t e l l i t e ,  thermal gradients, energy loss by radiation of 

*& 

! 

i 

the  satellite, and other  environmental parameters is  stressed 

and demonstrated by tabulated data. 

INTRODUCTION 

The estinrated approxbate cost price of 100,OOO dol la rs  per kg of space 

vehicle placed into o rb i t  [see J.C.New, Chief, Test and Evaluation Division of 

Goddard Space Flight Center, GSFC; (Bibl.l)] emphasizes the  extreme importance 

of ensuring roaldmum success f o r  orb i ta l  f l i gh t s ,  intimately connected with the 

qual i ty  of a l l  equipnent and components as w e l l  as with the  nature of t he  tests. 

A real izat ion of such t e s t s  under space environment conditions thus consti tutes 

a basic prerequisite. However, space simulation encounters two fundamental dif- 

f i c u l t i e s ,  one of which i s  of a technical nature since space conditions can only  

* Numbers i n  the  margin indicate pagination ix t h e  or ig ina l  foreign texh. 
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he appmxidted since they must be reproduced within necessarily confined en- 

closures, while the other i s  of a financial  nature since the cost of actual  de- 

v e l o p e n t  is high. 

to prevent jeopardizing the  space pro~rams themselves. 

This cost should not exceed 20% of the overa l l  cost, so a s  , 

- 

Although all simulators of s p c e  

sures, it is  obvious that application 
I 

merely designing vacuum chambers w i t h  

t i o n  of the  phenomena under study and 

envimnment primarily are vacuum enclo- I 

of vacuum technology is not res t r ic ted  t o  1 

a given pumping system. Rather, a sirnula4 

of t h e i r  perfonaance requires the  develop- 

ment of en t i r e  vacuum complexes, designed f o r  the u t i l i za t ion  of various tech- 

niques which frequently are contradictory and are d i f f i c u l t  t o  adapt t o  ant ic i -  

patory studies. 

For t h i s  reason, vacuum technology always has been one of the  f i r s t  bene- ; 

f i c i a r i e s  of t h e  s c i e n t u i c  and industrial progress induced by space research, 

as was clear ly  demnstrated during the F i r s t  International Congress on Vacuum 

Technology i n  Space Research (CIVRES), held i n  Paris i n  June 1964. 

Basing our fur ther  discussion on the papers presented a t  t h i s  Congress, /2 
we w i l l  attempt t o  formulate the  problem of simulation, specif ical ly  -<ith re- 

spect t o  s a t e l l i t e s ,  by f i r s t  reviewing the  inaccuracy of def ini t ion of some of 

the parameters and then giving an overall v i e w  of the methods and means general- 

l y  used and t h e  d i f f icu l t ies  encountered. 

w i l l  be given. 

I n  addition, some pract ical  results 

1. Purpose of Space Environment Simulation 

The launching of space vehicles i s  closely dependent on the qual i ty  of the 

e n t i t y  of materials and st ructures  and on t h e i r  contml,  under conditions a p  

proaching space environment as closely as possible. 

2 



T.--,-, ~II~~edsingly - - hign vacuum as a function of a l t i t ude  (Fig.1) (Bibl.2). 

Up t o  90 km (lo-= torr"), t h e  pressure var ia t ion can be represented by a 

s t r a igh t  l i n e  . 
Modification i n  the  type of atmosphere composition (Fig.2) (Bibl.3, 4)* 

Fig.1 Pressure as a Function of Altitude 

Thus, t h e  principal constituents are as follows: 

atomic oxygen f r o m  about 250 - 700 b, i.e., - 1 x IC-' t o  ICY' torr; 

helium 

atomic hydmgen, above about 2000 km. 

from about 700 - 2000 km, i.e., - io-' t o  10-l~ t o r r ;  

Extreme cold of space: 

sponds t o  that of a black body a t  about 4 O K .  

The radiation received by a spacecraft corre- 

Electromgnetic radiation, primarily of the so la r  type, with the L2 
corresponding albedo i n  t h e  v i c i n i t y  of the ear th  and i ts  characteris- 

t i c  infrared radiation. 

* The t o r r  i s  the  recommended term f o r  m Hg, equal t o  133 newton/m2, which is 
the  legal uni t  i n  France under the  name of "pascal". 

3 



S T ~ V C N C E  O F  TWE A N O S I U L I L  

Fig.2 T e m p e r a t u r e ,  Composition, and Kolecular Y i s s  of the 
A i r  as a Function of Alti tude 

Exposure t o  low pressures is one of the main purposes of simulation. 

Thinking spec i f ica l ly  of thermal insulation, it becomes immediately obvious t h a t  

t h e  thermal problems are closely connected wi th  such insu la t ion  and t h u s  con- 

s t i t u t e  t he  main basis of space simulation. The useful l i f e  of a s a t e l l i t e  is 

d i r e c t l y  linked with the  equilibrium temperature which it will assume i n  o rb i t .  

Thus, t he  m i n  objective of space simulation i s  making cer ta in ,  before launch- 

ing, t h a t  t h i s  equilibrium temperature w i l l  remain within a range compatible with 

t h e  functioning of cer ta in  c r i t i c a l  components, i.e., i n  general, near 300°K. 

Conversely, it is impossible to evaluate a heat balance by experiment un- 



less a suf f ic ien t ly  rarefied atmsphere i s  available;  t h i s  must be below 

loe5 t o r r  a t  which pressure heat exchange proceeds only  by radiation. 

makes obvious the important role played by vacuum technology i n  space simula- 

t ion.  

T h i s  

Thus, according to s t a t i s t i c s  (Fig.3) published by NASA and referr ing t o  

f i v e  satellites of the Explorer type, 51% of the  f a i lu re s  are revealed i n  

vacuum tests (Bibl. 5 )  

SPACECRAFT GROUND TEST EXPERIENCE 
(AVERAGE OF 5 EXPLORER TYPE SATELLITES) 

Elec.Failures 14ech.Failure.s Total 
Test No. P No. $ No. $ 
Checkout 2.4 13  1.2 26 3.6 16 
Vibration 4.0 22 2.8 61  6.8 30 
Temperature . 6 3 - .6 3 - 1.0. 4 Vacuum .._. - . - 1.0-L - 6 - -  - -  

Thermal 
Vacuum 10.2 56 .6 13 10.8 47 

- 

To t a l  18.2 100 4.6 100 22.8 100 
NASA SD63-1448 - 

Pig.3 NASA Sta t i s t i c s  on Five S a t e l l i t e  Tests 

I n  space, a vehicle acquires an equilibrium temperature resul t ing from the  

following balance: 

Energy component due to radiation absorbed by t h e  vehicle and t o  dis- 

s ipat ion of the in te rna l  energy sources. 

Loss of energy radiated by the vehicle a t  i t s  prevailing temperature. 

Solar radiation corresponds t o  a mean energy I& of 1.4 kw/m2, uniformly 

dis t r ibuted wi th  a d e c o l l k t i o n  angle of 32' and whose spectral d is t r ibu t ion  

i s  close to that of a black body at  a temperature of 6 d K .  

5 



Padht ion  diie t o  diffuse re f lec t ion  of so l a r  radiat ion by t h e  e a r t h  and i ts  

On the  average, t h i s  radiat ion i a  atmosphere const i tute  t he  terrestrial albedo. 

Angle Made by t h e  
Earth - S a t e l l i t e  and 
Earth - Sun Axes 

equal t o  35% of the  so l a r  radiation, but recent measurements have shown varia- 

t i ons  i n  the  albedo from 0.27 t o  0.60, depending on the  posit ion of t h e  satel- 

1 l i t e ,  on passing from the  t ropics  t o  about 4 9  l a t i tude .  i 

The infrared radiat ion due t o  the ear th  and i ts  atmsphere known t o  corre-,  

spond t o  a black body of about 2 9  K, i -e. ,  224 w/m2, decreases i n  inverse pro- 

portion t o  the  distance,  as t h e  albedo. 

% " X I  E81 b 

(w/CmZ 1 (w/cm" 1 

Thus, the energy effect ively received by the  s a t e l l i t e  depends on i t s  p s i -  

1396 
1396 
1396 

0 

t i on ,  as shown i n  the following Table, compiled as a function of the  angle be- 

4Jo 
225 
0 

0 

tween the  ear th  - s a t e l l i t e  and earth - sun axes (Bibl.6). 

TABLE 

RADIATION ENERGIES AT VARIOUS POSITIONS OF AN EARTH SATELLITE 

CP 
3 8  
6 8  
90" 
188 

2120 
2030 

1845 
1620 

224 

T h i s  introduces a f ac to r  which, i n  addition, depends closely on the geo- 

metric configuration of the satell i te wall and on i ts  accessories and which has 

t o  do with t h e  considered mdiation. Similarly, a d i f f e ren t i a t ion  m u s t  be mde 

between the area of t he  s a t e l l i t e  exposed to s o l a r  rad ia t ion  and t h a t  subject t o  

albedo and earthshine. 

It i s  of importance t o  mention that a n  accurate evaluation of t he  energy fi 
6 



received by a given s a t e l l i t e  i s  extremely d i f f i cu l t  despi te  t h e  use of program- 

i n g  devices and electronic  computers. 

Finally,  t he  absorption fac tor  ct and t h e  emittance e m u s t  a l so  be consid- 

ered. Although, conventionally, t h e i r  r a t i o  is taken as equal t o  uni ty  (perfect 

black body) since one refers then t o  equal spec t ra l  d i s t r ibu t ion  of both ab- 

sorbed and emitted radiation, the value of t h i s  r a t i o  i n  the  case of spacecraft  

' 

may vary within a wide range, as shown by t h e  curve i n  Fig.4 which was plot ted 
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(from Smelt) 

Fig.4 Limits of Thermal Control wi th  Availab 
Radiation Surfaces 

e 

by Goethert (Bibl.7) f o r  i d e a l  surfaces and f o r  surfaces with coatings t h a t  are 

readi ly  reproducible a t  the  i n t e r i o r  of a spacecraft. In  f a c t ,  i n  the case of 

s o l a r  radiat ion,  the quantity as corresponds t o  black-body radiat ion a t  6m°K 

whereas t h e  radiat ion emitted by the spacecraft cor respnds  t o  t h a t  of a surface 

7 



The existence of any a t t i t ude  s tabi l izat ion other  than t h a t  obtained by 

ro ta t ion  of the moving body, completely changes the  dis t r ibut ion of the  thermal 

gradients. 
I 
1 

The next point t o  be considered is the internal energy d i s s i p t e d  within 1 

t he  satell i te itself since, even if its value is accurately known i n  principle, 

an e r r o r  of any s o r t  might be far-reaching. Porter (Bibl.8) mentioned the case 

of a s a t e l l i t e  i n  which the bat tery froze because of a wrong e s t i m t e  of the in- 

t e r i o r  energy dissipation of t he  s a t e l l i t e ,  giving a value of 10 w instead of 

4 w, which could have been avoided if the  tests would have been more compre- 

hens ive . 
The complexity of the parameters, having t o  do wi th  thermal problems, does 

not exactly f a c i l i t a t e  t h e  attempts at space simulation because of t h e  inaccu- 

racy resul t ing from the d i f f i cu l ty  in t h e i r  theore t ica l  determination. Thus, 

the prime goal must be an evaluation of the re la t ive  significance of the space /6 
environment parameters and of t h e i r  value. However, t h i s  is a t a s k  which can 

be attacked and solved only  on the basis of experiments. 

2. Methods of  Space Environment Simulation 

The complexity of an overal l  theoretical  evaluation of the heat balance 

necessitates a large number of tests, from the  stage of layout of the lnateriel 

t o  an analysis of the f inal  behavior of a spacecraft. 

An idea l  simulator must s a t i s f y  the following conditions: 

Expose t h e  s a t e l l i t e  t o  radiations close t o  those experienced i n  s p c e .  

Simulate the  absorption of a l l  radiations emerging f r o m  the  satell i te,  

i.e., attempt t o  simulate the  relat ively i n f i n i t e  heat t r a p  of s p c e .  

8 



Eeproduce the sorption of a l l  molecules emerging from t h e  s a t e l l i t e ,  I 

i.e., attempt t o  reproduce the pract ical ly  infinite pumping characteris- 

t i c s  of space. 

The simulator, kept under vacuum, thus will be characterized by a cryo- 
I 

s t a t i c  wall o r  cryoplates which could be called a %pace wall" and which would i 

thus play a dual role: 
I 

I 

1) The first function is  that of contributing t o  pumping of t h e  simulator 

I chamber by furnishing, beyond a certain pressure, the  largest  portion of the 

pumping capacity, specif ical ly  re la t ive t o  gases t h a t  condense a t  the t e m p e r a -  

t u r e  of t h i s  wall, thus ensuring homogeneous pumping conditions with respect to 

the  vehicle. 

I n  the  la rges t  sirmilator of t h e  General Elec t r ic  Co., the  capacity of 

the  diffusion pumps is  about 25,000 l tr /sec,  while t h a t  of the cryogenic pumping 

is about 30 million l t r /sec.  

2) The second function of the space w a l l  i s  t o  absorb thermal radiations,  

those emitted o r  reflected by t h e  s a t e l l i t e  and those ind i rec t ly  produced by the 

use of radiation simulators which, i n  themelves, are no t  radiation sources. 

In  t h i s  respect, the temperature o f  space of 4'K need not be reproduced 

since the  corresponding radiation, already a t  780K,constitutes on ly  0.5% of the 

satell i te radiat ion a t  a mean temperature of 3 d K ,  i n  v i e w  of the f a c t  t h a t  the 

temperature, because of Stefan's l a w ,  enters i n  the  fourth power. 

Thus, the  absorption coefficient a, of the cryoplate must be as close t o  

unity as possible. To obtain t h i s ,  blackened s t ructures  are used. 

However, t he  required value of CY, cannot be considered independently of 

the respective dimensions of simulator and satell i te.  

traps can be primarily estimated from t h e  e r ror  in a,, determined as a function 

The efficiency of heat 

9 



of CY, and of the  r a t io  of simulator d i a m e t e r  D, t o  s a t e l l i t e  diameter 9 ,  as 

shown i n  Fig.5 taken from Destivellefs report (Bibl.9). 

Fig.5 Error of the Absorption Coefficient CY, of the  
Cryoplates, as a Function of cu, and of the Ratio of 

Simulator Diameter t o  Spce-Vehicle Diameter 

This indicates the importance, from the  cost angle, t o  give values of > 0.9 

to @. so as to reduce the  dimensions of the  simulator f o r  a given satellite. 

3 .  Radiation Simulators 

a) Solar spectrum 

It is quite impossible t o  discuss here the respective merits of a r t i f i c i a l  

power sources, which have been described frequently i n  the  l i t e r a tu re .  

spec t ra l  plane and without correction, the  conventional carbon a r c  has the opti- 

mum characterist ics.  

spectrum region representing 60% of t h e  total energy (< 0.8 p ) -  

On the  

Xenon a r c  lamps have an excellent d i s t r ibu t ion  f o r  the 

However, the 

10 



Considering the use conditions of such sources, xenon lamps which have 

probable lifetimes of several hundreds of hours and do not require special  pre- 

cautions i n  service, seem the  mst practical. Conventional carbon arcs,  even 

with automatic recharge of t h e  electrodes, apparently do not exceed a continuom 

operating range of mre than 24 hrs, with the  additional handicap of a spec t r a l '  

e n l u t i o n  due t o  the progressive fouling of t h e  op t ica l  system. 

Fig.6 Optical Diagrams f o r  Solar Simulation 

The other  principal parameters, character is t ic  of t h e  sources, are decolli-  

mation, intensi ty ,  and uniformity in plan and i n  depth. 

turbations produced by the opt ica l  system i n  establishing the heat balance must 

In  addition, the per- 

11 



Usually, t h e  sources a r e  placed outside the  simulator; t o  s a t i s f y  the  in- 

tensity required f o r  illuminating the most important surfaces, complex systems 

are needed which consume power and frequently may limit the  overal l  yield to  a 

value of 5% of the power supplied to the l i gh t  sources. T h i s  requires a large 

number of lamps. 

The opt ica l  system are schematically shown i n  Fig.6. 

A t  the large simulated solar  beams used, decollimations of a few degrees & 
are already d i f f i c u l t  t o  obtain. 

temperature e r ror  f o r  the  heat balance, as a function of the decollimation 

Lee and Steg (Bibl.10) gave an estimate of the 

angle (Fig. 7) . 

67 
I 

/- 

rc- 

0 1 2 3 4  5 6  7 

Fig.? Temperature ElTOr on t h e  Surface of a Model, as a 
Function of the Decollimation Angle 

The madmum possible uniformity, i n  the  opthum case, may reach about *5% 

i n  the  setup under consideration. 

The opt ica l  devices within the chamber, seen by t h e  s a t e l l i t e ,  m u s t  be 

12 



cooled k? a * d f i z i e i ~ t l y  l o w  temperatures, depending on t h e i r  charac te r i s t ic  emis- 

sivity,  so as t o  prevent them f r o m  becoming infrared emission sources t h e w  

selves. This is spec i f ica l ly  the case f o r  mirrors of systems with shortened 

o p t i c a l  axis. 

If spec t ra l  f i d e l i t y  is not required o r  if it can be readi ly  compensated, 

t he  thermal flux can be simulated by incandescent lamps, infrared lamps, heating 

filaments, o r  - more generally - by a p la te  maintained at  the  required tempera- 

ture .  

4. Simulation of Albedo and Earthshine 

I n  view of the var ia t ions i n  the charac te r i s t ics  of these radiations,  t h i s  

type of simulation is extremely delicate and involves b u l b  equ ipen t .  

fore, one is frequently satisfied wi th  es tabl ishing a mean radiat ion value from 

which, by analytical considerations, the heat balance i s  extrapolated f o r  o ther  

values, applying estimated corrections t o  t h e  committed errors .  

There- 

This type of  simulation is closely connected wi th  t h e  reproduction of the 

o r b i t a l  s a t e l l i t e  motion. If the  s a t e l l i t e  is  s ta t ionary,  t h e  infrared source 

m u s t  be shif ted e i t h e r  by mechanical means o r  by programing the  operation of a 

ce r t a in  number of heating elements wi th in  a la rger  overall unit .  

If the  s a t e l l i t e  i s  moving with t m  degrees of freedom, t h i s  simulation @ 

can be made in t eg ra l  with one of t he  motions, as presented i n  a paper a t  CIVRES 

by Latvala and Peters (Bibl.11) and shown i n  Fig.8. 

Simulation of t h e  spec t ra l  d i s t r ibu t ion  of the  albedo i s  even more d i f f i -  

c u l t  and requires the  addi t ional  use of xenon lamps. 
I 

It is  obvious that such simulations are d i r e c t l y  linked t o  the motion and 

t o  the  type of scheduled a t t i t u d e  s tab i l iza t ion  of t h e  satell i te and t o  i t s  



besign, specif ical ly  t o  its t h e m 1  time constant. 

a) Vacuum 

The problem encountered i n  producing low pressures within enclosures whose 

dimensions are larger  than ever before, such as the  sphere of 30 m diameter 

- -  

Fig.8 Albedo Simulator (see Latvala and Peters) 

used at Langley Field (NASA) where a vacuum of lo-' t o r r  is obtained within 

10 hrs (Bibl.l2), shows the  significance of vacuum technology in space problems. 

In  t h e  case of complete s h l a t o r s ,  the production of low pressures is 

thus closely connected with the  search f o r  solutions t h a t  s a t i s fy  the require- 

ments of cryogenic and opt ica l  technology. A t  the  other  end of the  scale,  the 

launching of satellites involves numerous mechanical st resses  and raises the 

problem of data transmission f r o m  the satellite. 



However, the s a t e l l i t e  itself may have a time constant wi th  respect t o  i t s  

pumping. 

given pressure a t  the in t e r io r  of the s a t e l l i t e  d i f f e r s  considerably from that 

In  general, s a t e l l i t e s  are not vacuumtight and the  time t o  obtain a 

expected from the pressure outside the satellite. 

ld ._-_ .--- S t r l U d  . k. Pressure 
Ccnter d 

- .  - _  

hunch aajcctay pressure data from simulation 
test and free flight 

[from Conk and Gocthhut! 

Fig.9 Launch Trajectory Pressure fromSirmllltion Tests 
and Free Flight 

Thus, f o r  the  t e s t ing  of e l ec t r i c  equ ipen t  f o r  resistance t o  breakdown /11 
and e l e c t r i c  discharge, it is superfluous t o  require a pressure of lo-' torr. 

It is t rue  t h a t  t h i s  pressure is  necessary, but only inside the  electronic  sub- 

units; i n  addition, the  time required f o r  obtaining t h i s  partial  vacuum d i f f e r s  

completely from the time f o r  obtaining the  pressure character is t ics  (Bibl.7) of 

15 



t i e  sim-tor @ig.qj. 

Incidentally,  t he  pressure determination is  one of t he  d i f f i c u l t i e s  en- 

countered i n  the  simulation of s p c e  vacuum within the  simulators. 

I n  f ac t ,  the vacuum within a closed chamber cannot reproduce true space 

conditions, f o r  the  following reasons: 

&imarily, no molecule leaving t h e  satellite w i l l  ever have a chance to 

return t o  the  lat ter whereas, i n  a vacuum enclosure no matter what the  

mean free p t h  o r  the  efficiency of the  cryoplate might be, a cer ta in  

number of mlecu le s  will return to the s a t e l l i t e .  

Secondly, t he  nature of the residual gases, which might be dissociated 

and ionized, is an interfer ing factor .  

The presence of a d i rec t ive  molecular f l u x  may lead t o  a noticeable varia- 

t i o n  in pressure inside the  simulator, f o r  example, a t  a r a t i o  of 100. 

t he  measured pressures, depending on the conditions of pressure production, may 

d i f f e r  great ly  f r o m  the  pressures actual ly  prevailing i n  the  envimnment of the 

satel l i te  under t e s t .  

Thus, 

Here, we can only b r i e f ly  r e v i e w  the  conventional means f o r  obtaining l a w  

The character is t ics  depend on the  use conditions of the  simulators pressures. 

and on the  duration of t he  individual cycles: 

duration, the  advantage of rapidly establishing the  forevacuum is obvious. For 

a fu l l - sca le  prototype, the statistical mean reveals about 30 problems encount- 

ered during the  t e s t s  [see New (E3ibl.l3)]. 

Even if t h e  tests a r e  of long 

Roots vane-tgpe pumps o r  a l s o  steam-jet e jectors  are frequently used f o r  /12 
One spec i f ic  case should be men- supplementing the primary mechanical pumps. 

tioned here, namely, the 60 m” chamber (Fig.10) of t he  National Space Research 

Administration (France), where a pressure of 5 x t o r r  is obtained within 
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about 4 5  m h ,  a f t e r  blackening the cryoplate maintained a t  ambient temperature. 

The secondary pumping, as is conventbnal, is done by diffusion pumps equipped 

Fig.10 Spce Simulator of the CNES (France) 

with baffles a& liquid-air traps, which a r e  indispensable f o r  cryogenic pumping. 

5. Space Simulators 

This term includes not only simulators meant f o r  s a t e l l i t e  t e s t s  but fre- 

quently a lso any chamber used f o r  any t e s t  connected w i t h  studying equipment o r  



r e l i a b i l i t y  of t he  components. 

l i s h i n g  any classif icat ion.  

This is the reason f o r  the  d i f f i c u l t y  i n  estab- 

Gamer (Bib lo l l+)  gave a c lass i f ica t ion  of small chambers, medium chambers, 

and a t h i r d  categorg reserved f o r  t e s t s  of ful l -scale  s a t e l l i t e s  which, f o r  t h i s  

reason, does not exclusively comprise large chambers. 

Unfortunately, it is possible t o  discuss only US designs because of the  

complete absence of Soviet publications i n  t h i s  f i e l d  and because of the present 

l a g  i n  the  European potent ia l  with respect t o  large chambers. 

SPACE ENVIRONMENT SIYUUTOR 

Fig.11 Large Simulator of the General E lec t r i c  

According t o  the  review presented by Gamer a t  the CIVRES, t he  USA has a t  

least 40 sirmilators of large dimensions, which generally serve f o r  satell i te 
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tests &rd tkGs r;re pr&Ta,-iljz .&& for tpAe;l;ir;-j. expr~s$.s .  

The simulators have e i t h e r  a spherical shape or const i tute  v e r t i c a l  or /13 
horizontal  cylinders, frequently equipped with f a c i l i t i e s  f o r  cryogenic pumping, 

occasionally using helium gas.  

80 cm diameter, having capacit ies as high as several hundred thousand of l i t e r s  

per second. 

The most popular pumps are diffusion pumps of 

The extreme pressures r e p r t e d  f o r  vacuum chambers go as high as 

io-’ torr. 

A b u t  half of the  chambers are equipped with mechanical devices f o r  ro ta t -  

ing the  satellite. 

The solar simulation, produced i n  one t h i r d  of the cases, is  effected i n  

about half of the  chambers by means of high-intensity carbon arcs .  This r a re ly  

matches the performance of a system with shortened opt ica l  axis such as had been 

obtained i n  the  large General Electr ic  s k u l a t o r  (9.75 m diameter; 16.5 m 

height) which, apparently, is the  mst perfected device t o  da te  and which 

been b r i e f l y  described above (Fig. 11) 

-_ - 

L1-T U C Y  

V~EIN wmmca 
( u e e o o  thead L o r  1s f t  

d i a  m i  25 f t  b i+)  

. I  

Fig.12 Large Simulator of the  J e t  Propulsion Laboratory 
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The tes t ing  space has a diameter of 8 m and a height of 6.4 m; the extreme 

pressure is  reported as lo-’ torr, using cryogenic pumping with l iquid nitrogen 

and gaseous helium. The characterist ics of the so l a r  simulator are as follows: 

l&€? xenon lamps of 5 kw; beam of 5 m diameter; uniformity of 5% per 70% of 

surface; decollimation angle of 9. 
focus, which was f i n a l l y  achieved by using 1560 individually adjustable mosaics 

The parabolic re f lec tors  required a long 

Fig.13 Large Simulator of t h e  Goddard Space Flight  Center 

whose parameter determination could be obtained only by means of e lectronic  

computers (Bibl.15) . 
20 



The large simulator of the Je t  Propulsion Laboratory (Fig.l2), having a 

pressure of lo-’ t o r r  wi th  cryogenic p p i n g  with l i@d nitrogen, re- 

quired the  developent of a new optical  system (with a compound source fonned 

by Hg-Xe and Xe lamps) on a smaller sirmilator (Bibl.16). 

The large simulator (Fig.13) of the  Gcddard Space Flight Center (GSFC) /114 
has a limit pressure of lo-’ t o r r  w i t h  cryogenic pumping with l iquid nitrogen 

and gaseous helium; t h e  t e s t ing  space is 8 m i n  diameter and 11.5 m i n  height 

while the  so la r  simulation is obtained with a mdular  source u n i t ,  using xenon 

lamps and furnishing a decol l imt ion  o f  3.2 t o  44’ (Bibl.17). 

1 

Fig.& Simulator A of the Manned Space Center (Houston) 

It i s  of in te res t  t o  mention that, f o r  each of the above simulators with 

lowest pressures of about lo-’ t o r r ,  there ex i s t  other large simulators intended 

f o r  p a r t i a l  or rough t e s t s ,  such as  three spheres of 11.5 m diameter (lo-’ t o r r )  

a t  the  General Elec t r ic  and exact duplicates a t  the J e t  Propulsion Laboratory 
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t o r r )  and a t  the  Goddard Center (lo-" t o r r  f o r  dynamic tests). 

S t i l l  other chambers have even greater dimensions, such as the  A-chamber of 

t he  Houston Manned S p c e c m f t  Center (MSC), used f o r  tests of the  Apollo program 

and having a diameter of 19.5 m and a height of 2.4 m (Fig.&). This par t icu lar  

chamber is  equipped with two solar simulators, having mdula r  carbon-arc sources. 

The vehicle is  placed d i r ec t ly  on a revolving platform, simulating t h e  lunar 

s o i l  and having a temperature that can be varied from 100 - 408 K. 

is intended for tests a t  the  human scale and thus had t o  be equipped w i t h  a i r  

locks and devices specif ical ly  designed f o r  rapid repressurizing i n  t h e  event of 

danger t o  the hurnan crew. 

This chamber 

f 
C 

a 

COLLfMAflON fiy I C r i  4' - j I 
1 

4.50 m -- - _ _ _ _  

Fig.15 Schelrirtic V i e w  of a Space Environment Simulation 
Chamber for Tests on Small S a t e l l i t e s  
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Another large chamber is  tha t  a t  the Arnold Engineering Development Center 

(AXDC), Mark I, having a diameter of 12 m and a height of 22 m and comprising 

,!& diffusion pumps; t h i s  chamber can be connected t o  a wind tunnel. 

Solar  simulation is  obtained by carbon arcs.  The surface of the cryo- /15 
plates,  cooled by l iquid nitrogen arid gaseous helium, is about 1300 t o  800 m” , 
respectively. 

T h i s  chamber permits an ascent simulation up to  an a l t i t u d e  of U, km 

(90 sec) and could be used f o r  vibration t e s t s .  

Fig.16 Overall View of the Tiros S a t e l l i t e  i n  i t s  Simulator 

The cost of such chanbers may reach many millions of dol lars :  The cost of 

the General Elec t r ic  chamber was six million dol lars ,  t h a t  of t he  Jet Propulsion 
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Fig.17 Equipment Constructed by the SOGEV f o r  Component Tests, 
Made Entirely of Stainless Steel  and Fquipped wi th  a Cryostatic 

Screen and a Heating System by Infrared lamps 



Laboratory four  million. 

years ago, important developments have been added re la t ive  t o  the opt ica l  sys- 

tems . 

However, since publication of these figures several 

It can be thus s ta ted that highly "sophisticated" chambers r e w r e  a long 

period of development and t h a t  the actual  f ield of t h e i r  use f o r  s a t e l l i t e  tests, 

is not accurately known. Conversely, because of t h e  experimental s tudies  that 

such chambers permit, they consti tute a substantial  f ac to r  f o r  understanding t h e  

fundamental principles of simulation. 

Figure 15 gives a schematic v i e w  of  a somewhat smaller ins ta l la t ion ,  but 

s t i l l  yielding a sat isfactory r a t io  of chamber dimensions t o  s a t e l l i t e  dimen- 

sions. 

Such is  no longe r the  case f o r  s t i l l  smaller chambers having diameters of 

only 1 - 2 m; nevertheless, these are useful f o r  thermal tests on full-scale 

satellites as i n  the  case of Tiros (Fig.16) but not so much f o r  so la r  simula- 

t i o n  (Bibl.18); they a re  highly convenient f o r  t e s t s  on subassemblies and com- 

ponents. 

I n  these l a t t e r  cases, it is  generally not so much a question of repmduc- 

ing space environment except possibly f o r  studying the  efficiency of so la r  

ce l l s  which requires as perfect as possible a so lar  simulation o r  e l se  f o r  

measuring t h e  thermal coefficients of materials o r  components. 

/16 

It i s  of ad- 

vantage t o  use chambers that permit multiple applications. 

type of such a chamber, designed by the So(;EV (French Vacuum Corporation). 

Figure 17 shows a 

6 .  Analysis of Space Simulation and Results Obtained 

Since space simulation is at the beginning of i t s  development, it i s  natur- 

a l  that i t s  f i e l d s  of application a re  not yet defined and t h a t  even d i f fe ren t  



interpretat ions a re  encountered as t o  wruiuciiori of t h e  t e s t s .  

For example, one trend is  t o  schedule only def in i te  t e s t s :  For example, a 

tes t  f o r  f l i g h t  apti tude,  i f  it i s  conclusive, will permit proper adaptation of 

t he  model t o  i t s  desired end use. 

Another trend, conversely, i s  t o  make systematic t e s t s  on a l l  components, 

subassemblies, prototypes, and f l i g h t  models. 

quent with the  progressive improvement i n  quali ty and r e l i a b i l i t y  of the indi- 

Vidual components. 

r a t e  from f l i g h t  qualification o r  airworthiness tests. 

Such tests will become more fre- 

So-called check t e s t s  on the qual i ty  of structure a r e  sew- 

1- I I -1 

Fig.18 Sa te l l i t e  Failure Pattern 

1 S t i l l  another trend is t h a t  of  tes t ing the  overal l  systems a t  s t r e s s  levels 

determined by changes i n  the environment over a time suf f ic ien t ly  long t o  have 

most f a i lu re s  appear i n  a detectable form. 

For a f l i g h t  rmdel, the levels  must not be reached more than once i n  

20 times whereas, f o r  a prototype, they can be higher; specif ical ly ,  t n e  t e s t  

temperature mrgins  can be exceeded by 10" C. 

/17 
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According t o  s t a t i s t i c s  by t h e  GSFC, the number of fa i lures  detected on 

prototypes i s  five times higher than that found i n  f l i g h t  mdels  (Bibl.13). 

As shown i n  Fig.18, one min purpose i s  t o  detect incipient failure, which 

is realized in o r b i t a l  tests las t ing  about 10 days; conversely, a complete test- 

ing program i n  space environment may last from one month (Explorer XV) t o  several 

years (Explorer XVII). For f l i g h t  models, the duration of the tests (which 

might be continuous) most often is two months and, on the average, leads t o  de- 

tec t ion  of about s i x  problems. 

Fig.19 Comparison of Predicted and Measured Temperatures 
on a T h e m 1  Nockup i n  a Simulator 

In  practice,  using theore t ica l  and experimental data on the  materiel and 

components and considering a cer ta in  number of thermal modules i n  a satell i te 
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model, a n  attempt is  made t o  obtain a f i r s t  approximation f o r  first predicting 

the  temperatures within the  simulator and then those of the  satell i te i n  orb i t ,  

as a function of t he  calculated temperatures. 

Thus, t h e  tests i n  simulators are concerned with a comparison of measured 

and calculated temperatures, as illustrated in Fig.19. 

These tests are basic since they yield detailed data on t h e  equipment to  be 

used i n  all fu ture  tests. 

Preliminary tests can be made with a thermal mockup or with reduced- L E  
scale mdels .  

check of the  measured values. 

However, t h i s  immediately ra i ses  the  necessity of an experimental 

For example, Fowle e t  al. (Bibl.20) mentioned a 

t \c*LCULA7 E D  
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Comparison of Calculated and Measured Component 
Tempexatme on TIROS II Satellite 

from Goldbag (CMIES) 

Fig.20 Comparison of Calculated and Neasured  Component 
Temperature i n  Fl ight  of T i n s  I1 

coincidence within 3% f o r  a half-scale mockup and within 10% f o r  a 1/5 mockup. 

Other types of thermal t e s t s  K u s t  also be considered: 

T h e m 1  immersion under vacuum within enclosures whose walls are brought to 

def in i t e  maximum and minimum temperatures. From t h i s ,  t he  thermal s t a b i l i t y  of 



t h e  vehicle and spec i f i ca l ly  i ts  time constant is determined which, f o r  example, 

may be of t h e  order of 20 hrs (Delta rocket). The temperatures of the enclosure 

a r e  based on the  extreme o r b i t a l  temperatures, so t h a t  t h e  temperatures measured 

on t h e  spacecraft w i l l  then correspond t o  mean maximum o r  minimum values. 

The thermal gradient t e s t  comprises the preferent ia l  heating o r  cooling of 

isolated elements of the  t o t a l  assembly. 

The heat balance can best be determined within the  framework of s o l a r  simu- 

l a t i o n  t e s t s ,  i n  which the  dynamic temperatures  of the  spacecraft  are measured 

under assumed operating conditions. 

n- 
Y- 

a& 
U- 

t+ 

J 

0 

Fig.21 Comparison of Predicted and Measured Tempemture 
i n  Fl ight  of Relay I 
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If the satellites are of simple shape, have uniform coatings, and are spin- 

s tabi l ized,  it is possible t o  determine a/€ within the c h b e r  and t o  adapt the  

infrared intensi ty ,  at  equivalent energy, to t h a t  of t h e  so l a r  radiation, of the  

albedo, and of the  earthshine, especially if one is  able t o  obtain a cer ta in  

cal ibrat ion re la t ive  t o  the conditions prevailing i n  space, a f t e r  launching the 

f i r s t  s a t e l l i t e  of one and the same ser ies .  It is  of interest to mention the 

r e su l t s  obtained, for example, on T i r o s  I1 by a simple immersion t e s t  a t  extreme 

wall temperatures of 5OoC over a period of three days and of @C over a period 

of f i v e  days (Bibl.l8), as shown i n  Fig.20, despite the unfavorable test con- 

di t ions produced by the  r a t io  of chamber diameter t o  s a t e l l i t e  diameter (see 

/19 

~ i g . 1 6 ) ,  and on Relay 11. 
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Fig.22 Comparison of C r i t i c a l ,  Predicted, and A c t u a l  
Temperatures f o r  Various S a t e l l i t e s  of the 

Goddard Center GSFC 

Figure 21 refers to  Relay I, tes ted  by t h e r m 1  gradient experiments and by 

solar simulation, where the  source consisted exclusively of two carbon arcs .  

t h i s  respect, it will be remembered t h a t  Relay I, launched in December 1962, 

had mde about 6WO o r b i t a l  revolutions by the end o f  1964. 

In 

For s a t e l l i t e s  of complex form and heterogeneous surface, excellent r e su l t s  
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have been obtained (Bibl.13) at  the  GSFC (Fig.22). 

It is  not surprising t o  see that most reports include data on the tempera- 

t u re  of the ba t te r ies  which, actual ly ,  constitute the  most sensit ive elements. 

Nevertheless, it should be recalled, as mentioned by Porter, that i n  about 

80 spacecraft successfully placed in to  orbi t  i n  1963, f o r t y  failures occurred i n  

less than two weeks' time; f ive  of these took place during the U+ - 30 first  

days and two were pmduced during the 30 following days. 

these f a i lu re s  were "childhood diseases" which should have been detected on the 

ground. It will a l so  be recalled t h a t  there was a difference of 5TF, observed 

on Mariner 11, when close to Venus. 

Consequently, 50% of 

Considering t h a t  "retroactive" analyses usually show up the faults of a 

given simulator thus making it possible t o  compensate these, it i s  obvious that 

as perfect a simulation as possible would constitute an additional guarantee f o r  

success. However, considerable f inanc ia l  difficulties a r e  encountered here. 

Suff ic ient  data would have t o  be accumulated t o  permit an evaluation (among 

others) of the e r ro r  produced i n  determining the equilibrium temperatures of a 

given s a t e l l i t e  during tests i n  the  simulator, on the  basis of various f a u l t y  

perfomances; t h i s  should make it possible to  define the reduction i n  t o t a l  

e r ror ,  as a function of the cost price. 

/20 

The extent of t he  e f for t  made i n  performing such t e s t s  can be appreciated 

when considering t h e  actual  useful l i fe  of a large simulator which, f o r  example, 

was estimated by S.L.Entres as being 70 days i n  some cases, f o r  a dropout period 

of 70 weeks (Bibl.21) needed f o r  preparing the chamber, work-up and reduction of 

the data,  changes to  be made in the satellite, etc.  
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c (SNCLUSIONS 

It would be presumptuous and rash t o  d raw conclusions on the topic of a 

technology t h a t  i s  st i l l  in f u l l  expansion and, as such, is  subject t o  numerous 

controversies as revealed i n  the closing session of the CIVRES (Bib1.22), in- 

cluding: relative usefulness of small o r  large chambers; necessity o r  no neces- 

s i t y  of the mst authentic possible solar simulation; respective estimate of the 

t r u e  cost of analytical methods and of simulation tests which such analyses 

would make unnecessary; etc.  

Therefore, we will r e s t r i c t  our discussion t o  certain trends, mentioning 

f irst  that the large simulators, l i ke  the small chambers, a r e  being subjected 

t o  similar investigations as  t o  t h e i r  optimum performance and t h a t  t h e  progres- 

s ive improvement i n  component quality, f ac i l i t a t i on  of check t e s t s ,  and accumu- 

l a t ion  of pract ical  experience i n  the f i e l d  of s h u l a t i o n  would finally permit 

a separation of r e l i a b i l i t y  tests fmm f l igh t  apti tude tests. 

I n  view of the high cost of t h e i r  use, large simulators should thus be 

reserved primarily f o r  airworthiness t e s t s  It should be emphasized t h a t ,  al- 

though the  cost price increases wi th  the s i z e  of t h e  sirmilators, the  "size** 

f ac to r  is  a useful parameter i n  obtaining the required accuracy of temperature 

f o r  the heat balance and f o r  evaluation of the cost. This f ac to r  might even /21 
become indispensable, from the  technical as w e l l  as f r o m  the economical view- 

p i n t ,  whenever it is a question of reducing the  cryogenic power required f o r  

absorption of one kilowatt of radiation reflected by the  satellite. 

The various r e l i a b i l i t y  tests and the  basic research will be performed 

primarily i n  special chambers of mre reduced dinensions, which leads t o  the 

necessity of having a large number of such chambers available. 
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I n  f a c t ,  there  is a tendency t o  have analyt ical  models replace cer ta in  

tests, specif ical ly  i n  cases i n  which the i r  basic  data will then be experiment- 

a l l y  checked. 

search f o r  be t t e r  performance naturally constitutes a limit t o  s y s t e m t i c  extra- 

polations. 

However, the complexity of shape of s a t e l l i t e s  and the constant 

1. Combination Tests 

The conduction of separate and successive tests i n  various chambers pre- 

supposes that the overa l l  and simultaneous t e s t ,  relative t o  the parameters i n  

question, m u s t  be equivalent t o  the individual tests. 

lence is far from being realized i n  a l l  cases. 

conbination of vibration t e s t s  with temperature and vacuum t e s t s  would reveal 

failure patterns that cannot be detected by any of these t e s t s  when performed 

separately (Bib1.23) . 

In  r ea l i t y ,  such equiva- 

For t h i s  reason, it seems that a 

Fig.23 J-2A C e l l  of t he  Arnold Engineering Development Center (AEDC) 

Space vehicles i n  o rb i t  require the proper se t t ing  of small rockets which 

m u s t  operate a t  d u m  r e l i a b i l i t y  under space environment conditions, with 
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predetermined character is t ics  and without parasite effect  produced by t h e  ejec- 

t i o n  of j e t s  i n  the inmediate v ic in i ty  of the craf t .  

Equipment developed f o r  t h i s  particular e f fec t  has been installed a t  the /22 
Arnold Engineering Development Center (AEDC), known as the J-2.A c e l l  (Fig.23), 

provided not only wi th  pumping units comprising mechanical pumps, diffusion 

pumps, and cryogenic pumps with l iquid nitmgen and gaseous helium, but a l so  

with cryoplates and infrared lamp f o r  simulating t h e  thermal radiations 

space (Bib1.24). 

of 

Fig.24 Project of Simulator (Plum Brook) 

A combination of chemical propulsion t e s t s  with space environment tests 

would be desirable f o r  improving the  design of the  upper stage of launch vehi- 

c les  and is particularly necessary f o r  future lunar missions. This is  the  main 

object of the chamber project of Plum Brook (Bible&), shown i n  Fig.&. 

For spec skdht-j~ii ,  y,qy-jr& for n a 7 C _ n - - r a n + i m n  .-,++;+..An rr+r+rr-n 
J U L L - U V & A V U Y I I I 6  O V V A U U U G  3J3UFiiW, 
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pmjec t  was developed i n  which, s t a r t i ng  f r o m  a cer ta in  pressure, the pumping 

capacity of the large k r k  I simulator is used f o r  simulating the ascending 

phase of o rb i t  inser t ion of a s a t e l l i t e  and f o r  permitting the proper f i r i n g  of 

small rockets. 

Such a project emphasizes the in te res t  in auxiliary resources offered by 

the  large simulators. Within the  framework of complex units, such simulators 

a l so  can be used f o r  supplementary aerodynamic tests. The inherent d i f f i c u l t y  

of using such large simulators l i e s  i n  the f a c t  t h a t  time f o r  building such 

simulators is  equal o r  even longer than that required f o r  building t h e  s a t e l l i t e s  

themselves. A general trend i n  the USA consists in escalating the construction 

of very large chambers, o r  at  least of one such chamber, far ahead of the  de- 

velopment of the corresponding space vehicles, so as t o  have these chambers 

available a t  the  pmper time (Bib1.25). The most ambitious pmject  of t h i s  type 

is t h a t  of Mark 11, projected by the  AEDC; the scheduled dimensions are 75 m 

diameter and 90 m length (Bibl.ll+). 

A review of these figures shows that, i n  i tsel f ,  any generalization with /23 
respect t o  the future  is quite impossible. 

s i tua t ion  in a i r c r a f t  construction, t h a t  large-scale t e s t s  w i l l  be l imited by 

It might well be, similar t o  the 

t h e  dimensions of the  spacecraft as well as by the  pract ical  experience and de- 

pendability obtained i n  the building of space vehicles. 

The var ie ty  of simulator types, discussed here, does not exactly f a c i l i t a t e  

t h e  select ion at  t h e  time of projecting certain space programs. 

Generally, equipent  f o r  simulation should be designed with consideration 

of the  s p c e  vehicle in question and the nature of i t s  mission; the characteris- 

t i c s  of such equipment should be determined i n  collaboration with spec ia l i s t s  

amng whom vacuum technologists, famil iar  with the problems of simulation, play 
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a n  important role .  

However, taking in to  consideration the generally ra ther  short  deadlines of 

t h e  various phases of the  programs and a l s o  f inanc ia l  aspects, sa te l l i te  tests 

w i l l  minly be performed i n  avai lable  sirmilators; f o r  t h i s  reason, maximum use 

m u s t  be made of t h e i r  performance, f o r  determining t h e  nature of addi t ional  

tests t o  which t h e  satellites must be submitted f o r  defining t h e i r  f l i g h t  apti- 

tude . 
Thus, i n  prac t ica l  application, the  rea l  function of simulators, combined 

with experimentation on a given satel l i te ,  will be a determination of t h e  para- 

meters t o  be simulated, including t h e i r  values and t h e i r  accuracy; t h i s  w i l l  

lead t o  a cer ta in  t e s t ing  and prediction pattern which w i l l  thus be doubly spe- 

c i f i c  . 
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